Abstract Mitochondria undergo continuous fission and fusion events in physiological situations. Fragmentation of mitochondria during cell death has been shown to play a key role in cell death progression, including release of the mitochondrial apoptotic proteins. Ultrastructural changes in mitochondria, such as cristae remodeling, is also involved in cell death initiation. Here, we emphasize the important role of mitochondrial fission/fusion machinery in neuronal cell death. Unlike many other cell types such as immortalized cell lines, neurons are distinct morphologically and functionally. We will discuss how this uniqueness presents special challenges in the cellular response to neurotoxic stresses, and how this affects the mitochondrial dynamics in the regulation of cell death in neurons.
been well documented that cell death signals converge on the mitochondria to execute and amplify the message for the cell's demise. The key players in the cell death pathway are the Bcl-2 family members, in which the balance between the antiapoptotic members and the apoptotic members influence the ultimate fate of the cell. Once the balance is shifted towards apoptosis, the mitochondria release apoptotic proteins such as cyt-c, EndoG and AIF (for review see [1, 2] ). In physiological situations, mitochondria are constantly dividing and fusing, which is important in cell division, metabolism, and development. While the exact mechanism of fission and fusion is not clear yet, recent progress has suggested that fission plays an important role in the regulation of cell death. Unlike many other cell types, neurons are distinct since they have long and dynamic processes extending far from the cell body. These processes have a complex repertoire of ion receptors and channels which respond to external signals such as neurotransmitters. During neurotoxic insults such as excitotoxicity and ischemia/reperfusion, a pathologically high level of neurotransmitters such as glutamate activates these receptors and cell death is initiated by distinct mechanisms which do not always depend on the classical Bcl-2 apoptosis machinery. Neurons, therefore, have unique challenges in the cellular response to cytotoxic stress such as those induced after stroke or traumatic injury. In the following review we will provide an overview of neuronal cell death, the fission and fusion mechanism in mammalian systems, and finally a discussion regarding the potential mechanisms by which the mitochondrial fission and fusion machinery can modulate neuronal cell death. Understanding the mechanisms by which these proteins contribute to neuronal cell death will provide new insights into neuroprotective strategies applicable to the treatment of acute brain injury and neurodegeneration.
Overview of neuronal cell death
There are two major mechanisms contributing to cell death in neurons following acute brain injury: (a) the classical apoptotic cell death which involves caspases, and (b) excitotoxic cell death [3] [4] [5] . Both of these pathways converge on the mitochondria: the classical apoptotic cell death involving release of cyt c from mitochondria that leads to caspase activation; and, excitotoxic cell death which induces Ca 2+ influx, causing mitochondrial dysfunction and the production of reactive oxygen species. Excitotoxic neuronal injury recruits both apoptotic and necrotic cell death machineries that can be inhibited by inactivation of proapoptotic molecules [6, 7] (for review see [4, 5] ). Both of these pathways are key contributors to neuronal cell death during acute brain injury such as stroke.
Classical apoptotic cell death involves members of the Bcl-2 family proteins. The multi domain Bcl-2 proapoptotic proteins Bax and Bak are activated by BH3 only proteins which lead to the induction of mitochondrial outer membrane permeabilization (MOMP) [1, 2] . Once MOMP occurs, pro-apoptotic factors from the intermembrane space such as cytochrome C and Smac/Diablo are released. Cytochrome C, with Apaf1 and pro-caspase 9, activates the caspase cascade which leads to caspase dependent apoptosis. Other caspase independent factors, such as AIF, are also released from the mitochondrial intermembrane space, which is the major death executioner in caspase independent pathways or when caspases are inhibited [3] . One of the major triggers of mitochondrial Bax activation following neuronal injury is DNA damage. In neuronal cell death, reactive oxygen species can be generated by multiple mechanisms such as hypoxia that causes a lack of oxygen to produce ATP. This condition, common in stroke, leads to mitochondrial dysfunction and the subsequent production of ROS when oxygen level is high in the reoxygenation stage. Exposure to elevated ROS causes DNA damage which can in turn trigger apoptotic signalling such as p53 activation that signals through Bcl-2 family proteins. Proapoptotic Bcl family proteins converge on the mitochondria to induce cytochrome c release which triggers the caspase cascade leading to the orderly breakdown of the cell.
In neurons, acute brain injury after stroke and traumatic brain injury also leads to excitotoxic cell death which exhibits partial apoptotic-necrotic like features and does not require Bax/Bak to initiate cell death [8] . While excitotoxic cell death also converges on mitochondria, the upstream signalling events are quite distinct. We and others have shown that this mode of cell death occurs independent of Bax/Bak because deletion of these proteins does not affect the rate of cell death [8] [9] [10] . During acute brain injury such as stroke, oxygen levels are reduced, which leads to an abrupt decrease in ATP production and rapid depolarization of the plasma membrane which occurs early after the ischemic insult in stroke. The level of glutamate in the synapses is controlled by channels that rely heavily on energy produced by ATP, therefore, a reduction of ATP during stroke causes the release of abnormally high amounts of glutamate into the synapses [11] . Excessive gluamate in the synapses activates the ionotrophic glutamate receptors to a pathophysiological level and this type of neuronal insult is called excitotoxicity [12, 13] . Activation of glutamate receptors induces influx of Na + ion, which causes further depolarization, and release of glutamate. This, coupled with impaired reuptake of glutamate due to lack of ATP, exacerbates the excitotoxic response through sustained activation of glutamate receptors [14] [15] [16] [17] [18] . While there are several receptors for excitatory amino acids, NMDA receptors are believed to be the key mediators of death during excitotoxic injury whereby glutamate overstimulation leads to excessive Ca 2+ influx and elevation of cytoplasmic Ca 2+ levels (reviewed in [19] ). Ca 2+ influx into the cytoplasm has been shown to activate second messengers, one of which is neuronal nitric oxide synthase (nNOS) [20] [21] [22] . Activation of nNOS leads to the generation of excessive levels of nitric oxide (NO). NO serves as a substrate for the production of highly reactive free radicals such as peroxynitrites which promote cellular damage and ultimately neuronal cell death [23] [24] [25] [26] . Excess Ca 2+ also enters the mitochondria and induces mitochondrial dysfunction which leads to the release of the pro-apoptotic intermembrane proteins such as cyt c [27] . All of these mechanisms exacerbate the levels of ROS during excitotoxicity and ultimately leads to cell death in a necrotic/apoptotic fashion, which is distinct from the classical apoptotic cell death that mainly involves the Bcl-2 family protein such as Bax and Bak. During acute neuronal injury such as stroke, neurons thus face distinct challenges involving diverse mechanisms of cell death which trigger classical Bax/Bak dependent apoptosis as well as Bax/Bak-independent pathways. Recent studies suggest that the mitochondrial fission and fusion machinery plays a crucial role in the regulation of multiple mechanisms of neuronal cell death that occur following injury, which will be the focus of this review.
Overview of mitochondrial membrane dynamics machine
Mitochondria are dynamic organelles that constantly undergo fission and fusion events and are transported to strategic locations within the cell. Recent studies suggest that mitochondrial dynamics are closely coupled to the regulation of cell death [28] [29] [30] [31] [32] [33] . It is, however, still unclear whether mitochondrial fission is sufficient and/or necessary for cell death to occur; or what the exact role of mitochondrial fission may be in regulating mitochondrial permeabilization during cell death. In the following section we will review the fission/fusion machinery focusing on the proteins that have been shown to be involved in mammalian cell death (Table 1) . For a more detailed discussion of mitochondrial fission/fusion machinery see review [34] [35] [36] [37] [38] [39] [40] .
Mitochondrial fission and cell death
Mitochondrial fission is an ongoing process in healthy cells and is essential for cell division, calcium regulation and development [32, [41] [42] [43] . In neurons, mitochondrial fission is essential for mitochondrial transport to their potential docking sites in axons and dendrites [44, 45] . Immature neurons have smaller, more motile mitochondria whereas mature neurons with established synaptic connections exhibited longer, and more stationary mitochondria, strategically placed in regions of high energy demand [44] . In addition to the physiological role of mitochondrial fission, recently fission has also been implicated in cell death pathway [46, 47] . Here we will first review the mammalian fission proteins that have been implicated in the cell death pathway, and we will discuss how these fission proteins regulate neuronal cell death.
Mitochondrial fission machinery in mammalian system
While many molecules comprising the fission machinery have been identified in yeast, only three mammalian orthologues have been found so far. Fis1, Drp1, and Endophilin B1 are known to be required for mitochondrial fission in mammals ( [54] . Orthologues of these proteins in mammalian system have not been found. In mammalian cells, a weak interaction between Fis1 and Drp1 has been detected using cross linking and overexpressed proteins [52, 56] . While these studies suggest that Fis1 helps to facilitate Drp1 recruitment, it has also been shown that mitochondrial recruitment of Drp1 can still occur in the absence of Fis1 [57] . Based on the finding that the interaction between Fis1p and Dnm1p in yeast is indirect, it is most likely that mammalian systems have evolved similar adapter proteins to facilitate the interaction between Fis1 and Drp1. It has also been shown that Drp1 is post-translationally modified by SUMOylation, which plays a role in the regulation of mitochondrial fission [58] . Presently in mammalian cells, the mechanisms by which (i) cytosolic Drp1 becomes activated and recruited to the mitochondria to induce fission; and (ii) the proteins complexes interacting with Drp1 and Fis1 to execute fission, remain unclear.
What is the role of mitochondrial fission in cell death?
It is well documented that fission accompanies most modes of cell death. Earlier studies involving electron microscopy revealed that mitochondria become fragmented after induction of cell death by various stimuli [59-61]. As cell imaging techniques became more advanced, time lapse photography revealed that mitochondrial fission coincided very closely with the induction of cell death. Fission was observed around the time of Bax activation at the mitochondria, but before the mitochondrial outer membrane permeabilization (MOMP) and the release of cytochrome C [62] . These studies, arising from multiple apoptotic systems, suggest a causal link between mitochondrial fission and the execution of cell death.
The implication that fission may be a requirement for the apoptotic process came from studies examining the role of Drp1 [28, 30, 31, 33, 57, 63] . Drp1 was found to be colocalized with Bax at the sites of future fission after cell death induction. Moreover, inhibition of Drp1 activity by expression of the dominant negative mutant could prevent mitochondrial fission, cytochrome c release, and the subsequent cell death [28] . Another study examining an ER initiated apoptotic pathway revealed that inhibition of Drp1 activity could also prevent mitochondrial fission and cell death [63, 64] . More recently, downregulation of the mitochondrial membrane bound fission protein, Fis1, could prevent mitochondrial fission and cell death [57] . Another protein involved in fission, Endophilin B1, was shown to translocate to the mitochondria during cell death and is required for the activation of Bax on the mitochondria, likely due to their direct interactions on the membrane during cell death [55, 65] . Finally, knockdown of DAP3, a matrix protein shown to induce mitochondrial fission during cell death could inhibit fission and protect cells against apoptosis [48] . Taken together, these studies provide extensive evidence in support of a role for mitochondrial fission proteins such as Drp1 and Fis1 in the regulation of cell death.
Although compelling evidence supports a key role for mitochondrial fission in the regulation of cell death, one might ask whether MOMP, cytochrome C release and cell death can proceed in the absence of fission. In some cell death scenarios, fission is not a requirement for cytochrome C release. For example in Bax treated protozoan Trypanosoma brucei, and HeLa cells treated with actinomycin D which evokes Bax/Bak mediated cell death [66] , cytochrome C release precedes mitochondrial fragmentation [67, 68] . In another study, Bcl-2 has been shown to inhibit cell death but not mitochondrial fission [69] . The fact that Bax alone can induce release of molecules from liposomes, suggests that Bax does not require mitochondria to undergo fission to form pores for the release of proapoptotic proteins [70] . Recent studies in C. elegans [71] have clearly disconnected the fission event from apoptosis where they have shown that cells with completely fragmented mitochondria can survive. Inhibition of fragmentation by downregulation of Drp1 or Fis1 does not inhibit Bax/Bak dependent apoptosis and can only partially inhibit release of cytochrome C [72] . One explanation is that molecules that play pivotal roles in the regulation of fission may have dual functions and may participate in cell death signalling independent of their roles in mitochondrial fission. This is exemplified by a recent study by the Scorrano group which separated the apoptosis inducing domain and fission inducing domain of Fis1. In this work, it was demonstrated that expression of fission dead Fis1 could still induce cell death. When the apoptotic dead mutant of Fis1 was expressed, mitochondria could still undergo fission but there is no induction of cell death [73] . Overall, these results show that although fission is required for cell death, fission in itself was not sufficient for cell death induction. One may envisage, therefore, a model in which the fission machinery is required for apoptosis and is recruited during apoptosis signalling to induce cell death by as of yet unidentified mechanisms. One possibility is that mitochondrial fission may participate in cell death by modifying the lipid microenvironment or deform lipid bilayers for Bax/Bak induced mitochondrial permeabilization [74, 75] . While the pro-apoptotic role for mitochondrial fragmentation remains unclear, all of these studies support an important role of fission proteins in the execution of cell death. This duality of function among fission proteins appears to be a recurring theme in mitochondrial dynamics, and will re-emerge when the role of proteins required for mitochondrial fusion are discussed below.
Different scenarios have been proposed as to how mitochondrial fission might participate in the execution of cell death (Fig. 1) . It has been suggested that fission proteins may interact with Bax during apoptosis. Drp1, Mfn2, and Bax colocalize at fission sites during cell death [33] . Drp1 translocation to mitochondria, however, is not dependent on Bax [69] , and Bax recruitment is not inhibited by inactivation of Drp1 [28, 33, 57] . In addition, no direct interaction has been observed between Bax and Drp1. Inhibition of Fis1, however, has been shown to disrupt Bax translocation and its activation at the mitochondria, which places these fusion proteins upstream of Drp1, at least within the apoptotic program [57] . It is possible that Endophilin B1, a Bax interactor during apoptosis, participates in the co-localization of Drp1 and Bax at the mitochondria during apoptosis, since Endophilin B1 is redistributed to mitochondria after cell death induction [55], although Endophilin B1 interacts with Bax mainly in the cytosol and does not significantly influence Bax mediated cell death [65] . Other proapoptotic factors, therefore, may be recruited to the mitochondrial to drive apoptosis facilitated by the fission machinery. An alternative view of how mitochondria fission machinery is activated in apoptosis comes from several studies indicating that the release of some mitochondrial factors such as DDP/TIMM8a can activate mitochondrial fission. In a similar fashion, the mitochondrial fusion protein Opa1 is also released and hence may disrupt the fusion machinery which also leads to increased fission [31, 68] . This scenario, however, is inconsistent with the inability of Bcl2 to inhibit mitochondrial fission, which blocks cell death from mitochondria [69] . A detailed comparison of the mitochondrial fission complexes during cell 
How does mitochondrial fission contribute to neuronal cell death?
Recently, Barsoum and colleagues have shown that similar to cell lines, neurons also exhibited fragmented mitochondria following exposure to nitric oxide. Mitochondrial fragmentation was an early event that occurred before release of mitochondrial proteins and neurite degeneration. Similar observations were also made in an in vivo animal model of stroke [30] which includes both caspase dependent and independent mechanisms of cell death. Furthermore, expression of fission proteins such as Fis1 and Drp1 could induce mitochondrial fission and the onset of cell death in postmitotic neurons. Conversely, expression of a dominant negative Drp1 could block mitochondrial fission and enhance the rate of neuronal survival after exposure to reactive oxygen species [30] . Studies by our group have also found that mitochondrial fission in neurons undergoing ROS and DNA damage occurs early in cell death. Expression of an activated species of Mfn2 could enhance fusion and protect neurons against cell death induced by DNA damage as well as ROS [76] . These studies indicate that inhibition of mitochondrial fission after cell death initiation could protect neurons against various types of acute neuronal injury.
Mitochondrial fusion and cell death
As with mitochondrial fission, the fusion machinery also plays an essential role in development and survival [35, 77, 78] . Fusion is thought to protect mitochondrial function by allowing rapid mixing of membranes, mitochondrial DNA and soluble contents that may be damaged by localized deficits of substrates as a result of cellular stress [35] . Recently, several studies indicated that during cell death mitochondrial fusion is inhibited and activation of the fusion machinery could slow down the rate of cell death [29, 69, 79] . There are, however, some very significant differences in the action of the fusion proteins in the regulation of cell death. In this section we will first give a brief overview of the fusion machinery proteins, followed by a discussion regarding how the different fusion proteins may promote cell survival.
Mitochondrial fusion proteins
The proteins required for fusion in mammalian cells include Mitofusin 1 (Mfn1), Mitofusin 2 (Mfn2), and Opa1 (Table 1 ). Mfn1 and Mfn2 are homologous GTPases located on the mitochondrial outer membrane [80] [81] [82] . The loss of Mfn1 or Mfn2 results in embryonic lethality in mice with the embryonic fibroblasts exhibiting a fragmented phenotype where many organelles lose their electrochemical potential and eventually mtDNA [77, 78] . Recently it was also shown that the loss of both Mfn1 and Mfn2 by RNAi results in a complete inhibition of mitochondrial respiration, with oxygen consumption levels reduced to nearly zero, and ATP production severely compromised [77] . In addition, mutations in Mfn2 have been shown to result in Charcott-Marie Tooth Type 2 and 4 in human patients, resulting in a specific form of neuromuscular degeneration [83] . [84, 85] . Mfn2 deficient mice have a defect in the giant trophoblast layer of the placenta that causes the embryonic lethality whereas the Mfn1 deficient mice do not have this defect but die around two days later. Mfn1 deficient MEF cells have a more severe mitochondrial phenotype, with loss in potential and motility [78] . This would suggest that Mfn1 plays a more essential role in mediating fusion than Mfn2 or they may regulate fusion signaled from different pathways. While both Mfn1 and Mfn2 are important for mitochondrial fusion, a hydrolysis deficient form of Mfn2 was shown to stimulate mitochondrial fusion in cultured cells, and protected cells from apoptosis induced by staurosporine [79] , which indicated additional regulatory functions for Mfn2. These suggest that apart from the fusion role, Mfn2 may also have additional functions that may impact the survival of cells.
The third GTPase required for mitochondrial fusion is localized to the intermembrane space and is called Opa1 [86] [87] [88] [89] . Opa1 (Optical Atrophy 1) is imported into the mitochondrial inner membrane where it undergoes a regulated cleavage event to release a soluble shorter form of the protein into the intermembrane space. Mutations in Opa1 are causal for autosomal dominant optical atrophy, characterized by degeneration of the retinal ganglial cells in the eye resulting in blindness [90, 91] . There are 8 splice variants of Opa1 in humans, and the ratio of these isoforms and their cleavage products has complicated the progress to determine the precise function of Opa1. Mgm1p (yeast ortholog of Opa1) is cleaved upon insertion in the membrane by a member of the rhomboid family of inner membrane serine proteases called Rbd1p/Pcp1p/Mdm38p [92, 93] . The human orthologue of Rbd1p is called PARL for presenilin associated rhomboid like protein [94] [95] [96] . Currently it is unclear as to the efficiency by which PARL cleaves the human Opa1, since it has been shown that another matrix protease of the AAA ATPase family called Paraplegin may also be responsible for Opa1 cleavage and the regulation of mitochondrial fusion [97] . Interestingly, similar to Opa1, deficiency in Paraplegin causes a type of neuronal degenerative disease called hereditary spastic paraplegia (HSP). HSP causes degeneration of corticalspinal axons, one of the longest in neuronal system [98] . Some forms of HSP, similar to mutations of Opa1 in humans, can also lead to retinopathy and optic neuropathies [99] . In addition to Paraplegin, the groups of de Strooper and Scorrano have shown that mice lacking PARL have reduced cleavage of Opa1, indicating a requirement for PARL activity in the maturation of Opa1 [96] . Comparing Opa1 processing and mitochondrial morphology between Opa1 and Paraplegin deficient mice [100] will show which protein is the major processor for Opa1. Parapelgin, however, has also been implicated in the proper ribosome assembly in mitochondria [101] and reduction of paraplegin can also induce complex 1 deficiency and sensitivity to oxidative stress [102] . The effect of paraplegin on Opa1 processing, therefore, may not be direct, and could be through other proteins such as PARL. Nonetheless, these studies show a requirement of proper Opa1 processing for its role in mitochondria, and the lost of proper Opa1 processing can specifically lead to neuronal degeneration.
The role of mitochondrial fusion in cell death: Mfn1 and Mfn2 are not created equal in neuronal cell death
In addition to the increase of mitochondrial fission, the fragmented mitochondria seen in apoptotic cells can also be due to an inhibition of fusion. Using photoactive mitochondrial labeling, it has been shown that mitochondrial fusion is blocked during Bax dependent apoptosis [29] . Recently, Bax has been shown to have a role in mitochondrial fusion by activating Mfn2 in healthy cells, therefore, it is possible that during cell death, mitochondrial fusion mediated by Bax is inhibited and thus mitochondrial fission is enhanced [103] . Interestingly, Drp1, Bax and Mfn2 have been shown to colocalize into discrete foci during apoptosis, suggesting that Mfn2 may be sequestered and inhibited during apoptosis [33] . Increased Mfn2 activity can inhibit Bax activation and cytochrome c release [69, 79] , whereas the lack of Mfn2 activity sensitize cells to apoptotic stimuli [69] . In neuronal system, Barsoum and colleagues demonstrated that overexpression of Mfn1 can protect against NO induced neuronal cell death. The overexpression of Mfn1, on the other hand, does not protect against excitotoxic induced cell death [30] . Thus, while Mfn1 and Mfn2 have common functions in terms of mitochondrial fusion, there are clearly some very important distinctions. In addition to the differences in nucleotide binding and hydrolysis as mentioned above, recently, compelling evidence has emerged supporting a signaling role for Mfn2 that goes beyond mitochondrial fusion. Mfn2 (not Mfn1) is colocalized in punctae with Bax and Drp1 at sites of future fission [33] . This suggests that Mfn2 activity may affect mitochondrial recruitment of Bax or Drp1 during cell death. Mfn2 can also interact directly with Ced9 or BclxL in HEK293 cells suggesting a mechanism for crosstalk with antiapoptotic Bcl family proteins [71] . Mfn2 has been shown to modulate metabolism [104, 105] and cell cycle [106] . We therefore suggest that Mfn2, unlike Mfn1, may be able to provide additional protection against neuronal apoptosis through mitochondrial fusion independent mechanism, such as metabolic and cell cycle control (Fig. 2) . In the following section we will discuss the mitochondrial fusion independent role of Mfn2 in metabolism, cell cycle control and apoptosis. Studies in diabetic model systems have indicated that the reduction of Mfn2 leads to an inhibition of glucose oxidation and cell respiration, which is linked to obesity in both rat and human [104] . Mfn2 control of metabolism is not dependent on mitochondrial fusion, since expression of a truncated form of Mfn2 that is localized in cytoplasm can still increase mitochondrial respiration. This suggests that mitochondrial fusion and metabolic control by Mfn2 can be dissociated [105] . Mfn2 controls metabolic rate by increasing the expression of the oxidative phosphorylation proteins, however, the exact mechanism remains to be elucidated. Neurons require a high energy supply not only for housekeeping, but also for maintaining the plasma membrane potential and firing of the action potential. Furthermore, neurons are highly dependant on oxidative phosphorylation for energy production [107] . Increased activation of Mfn2, therefore, may rescue neuronal cell death by maintaining functional oxidative phosphorylation and most importantly, mitochondrial membrane potential, both of which are disrupted in many models of neuronal cell death such as excitotoxicity and ROS (Fig. 2) .
Mitochondrial fission/fusion activity has also been observed during cell cycle (for review see [41] ). Mitochondrial undergo fragmentation when yeast cells enter into M phase [108] . In the mammalian system, Mfn2 activation blocks G1 to S transition and cell cycle is arrested. This is achieved by inhibiting the MAPK signaling proteins Ras and ERK. Importantly, mutated Mfn2 that is not targeted to mitochondria does not impede the cell cycle control function, suggesting that Mfn2 control of cell cycle is fusion independent and Mfn2 function as a signaling GTPase [106] . There is compelling evidence that after induction of cell death, postmitotic neurons re-enter the cell cycle at G1-S and the deregulation of cell cycle proteins participate in cell death (for a detailed review see [109] [110] [111] [112] ). For example, DNA damage induced cell death triggers post-mitotic neurons to undergo S phase reentry, and inhibition of the cell cycle machinery can protect neurons against DNA damage [113] [114] [115] [116] . It is therefore possible that Mfn2 may inhibit neuronal cell death by blocking the G1 to S transition. The MAPK family protein ERK has also been suggested to act as a key factor in executing neuronal cell death (for review see [117, 118] ). In neurons, chronic activation of ERK at the nucleus induced by potassium withdrawal triggers non-classical caspase 3 independent cell death that is characterized by plasma membrane damage and nuclear condensation [119] . Activation of ERK has also been shown to be a key mediator in excitotoxicity [120] and ROS [121, 122] . By inhibiting ERK activation, Mfn2 may also inhibit neuronal cell death independent of mitochondrial fusion (Fig. 2) Taken together, these studies suggest that Mfn2 may function to inhibit neuronal cell death in a mitochondrial fusion independent manner, mechanistically distinct from other fusion proteins such as Opa1 and Mfn1.
In contrast to other cell types, neurons have a distinct shape: long processes called axons and dendrites extend away from the cell body where the nucleus resides. These neurites have an abundance of mitochondria for neuronal plasticity, generating ATP for synaptic vesicle release and maintaining plasma membrane potential. These mitochondria also serve as a buffer for Ca 2+ ions. During excitotoxicity, the cell death insults signal through the NMDA receptor at the synaptic sites, which are far away from the cell body where the nucleus is. Pathological activation of NMDA receptors leads to an influx of ions such as Na + and Ca 2+ which induces nNOS activity. It should be noted that NMDA receptors and nNOS are tightly coupled to each other through PSD95 at the synaptic sites [123, 124] . Because of this close proximity, Ca 2+ can activate nNOS locally at the neurites far away from the cell body, and mitochondria must be strategically located close to these sites of entry to absorb the deleteriously high Ca 2+ and prevent activation of nNOS. During cell death, mitochondria not only fragment, but often the fragmented mitochondria are collapsed around the nucleus. By enhancing fusion, either by inhibition of fission or activating fusion, the elongated mitochondria can reach throughout the length of the neurites (Fig. 3) . These mitochondria can possibly absorb efficiently where the highest amount of Ca 2+ is located and thus prevent activation of nNOS and subsequent ROS production at those sites (Fig. 4) . A transient increase of mitochondrial fusion after acute neuronal insult could possibly protect cells from excitotoxicity. Both our group and Barsoum et al. have shown that fusion protects against ROS [30, 76] , which can also lead to Ca 2+ influx through TRMP7 channels [125] . In contrast to neuronal cell death, in HeLa cells mitochondrial fission can protect against death induced by the propagation of Ca 2+ waves along the mitochondria [126] . Thus, mitochondrial dynamics may play distinct roles depending on the cell types and the type of injury incurred. The fission machinery may be required for general remodeling of the membranes during death whereas the fusion machinery may be protective by inhibiting apoptotic signaling cascades and allowing the spatial regulation of Ca 2+ influx. Further studies are required to understand how fission/fusion machinery modulates cell death involving calcium in different mechanisms of cell death.
Mitochondrial cristae structure and cell death: Demolition from within
Apart from the dividing and fusing of the mitochondria, the mitochondrial ultrastructure also undergoes substantial changes during cell death, specifically, the cristae is remodeled when the cell is induced to die. In healthy mitochondria, the relatively tight cristae junction connects to the tubular and lamellar cristae. The morphological control of this cristae structure contributes to metabolic rate of mitochondria by generating a gradient of metabolites and substrates for oxidative phosphorylation and ATP synthesis. This tight cristae junction also provides a barrier for cytochrome C such that approximately 80% of total cyt c is in the cristae [127] [128] [129] . Scorrano and colleagues first showed that isolated mitochondria treated with the pro-apoptotic BH3 protein tBid induces cytochrome c mobilization from the cristae to the intermembrane space, and thereby assist in BAX/BAK dependent release of cytochrome c through MOMP. These mitochondrial changes induced by tBid are independent of BAX and BAK, but dependent on permeability transition pore components. EM studies show that the cristae junction is dilated in tBid treated mitochondria, thus allowing cytochrome c to be mobilized through these dilated junctions to the intermembrane space [130] . The importance of cristae remodeling during cell death has also been shown by Germain and colleagues in a study of BIK mediated cell death through the ER pathway. In this model, cristae remodeling is dependent on calcium ions from ER and Drp1, suggesting a possible role of mitochcondrial fission protein in cristae remodeling during apoptosis [63] .
Two recent studies by Scorrano and de Strooper group have shed light on the possible mechanism of cristae remodeling during cell death through the fusion protein Opa1 [96, 131] . Opa1 is processed from the long membrane anchored form of Opa1 (l-Opa1) to a soluble short form (s-Opa1). The long and short form of Opa1 can form oligomers which form the narrow tubular cristae junction of cristae that contains the majority of cytochrome c. Most importantly, these Opa1 oligomers were lost in the mitochondria after tBid treatment and as a result the tight tubular cristae junction is dilated and cytochrome c is mobilized, accelerating cell death progression. This is in agreement with previous Opa1 siRNA studies showing dilated cristae junction in mitochondria [132] . Indeed, Opa1 overexpression rescues cell death by maintaining Fig. 3 Activation of the mitochondrial fusion protein Mfn2 or inhibition of the fission protein Drp1 can enhance mitochondrial fusion in cortical neurons, which can protect mitochondria from fragmentation during neuronal cell death induced by oxidative stress (H 2 O 2 ) and subsequently, inhibition of cell death [125] . Cortical neurons from E15.5 mice were infected with the indicated construct via adenoviral vector at the time of plating. After 36 h neurons were treated with H 2 O 2 , fixed after 12 h, and stained with Tom20 to visualize mitochondria, and hoechst for nuclei the tight cristae junction, which is independent of Mfn1/2. The role of Opa1 in inhibiting cytochrome c mobilization by maintaining tight cristae junction is supported by PARL knockout studies. PARL −/− MEFs are more sensitive to cell death due to the lack of s-Opa1 which is essential for the formation of Opa1 oligomers. EM pictures of PARL −/− mitochondrial show faster cristae remodeling after tBid treatment, and cytochrome c redistributed to the intermembrane space faster than wildtype, suggesting that correct processing of Opa1 and the subsequent Opa1 oligomer formation is essential for maintaining the tight cristae junction. These studies suggest that Opa1 oligomer formation by PARL controls the tight cristae junction that is essential to contain the majority of cytochrome c in the cristae. During tBid induced apoptosis, the interaction between long and short form of Opa1 is disrupted, the cristae junction is dilated and cytochrome c is mobilized and released into cytosol. As tBid is localized to the outer membrane, the mechanism by which it disassembles Opa1 oligomers is unclear. It has been suggested that tBid interacts with cardiolipin at contact sites between inner and outer membrane and this interaction induces cristae morphological changes [133] , possibly by tBid's lipid transfer activity [134] or tBid induced alteration of membrane curvature [135] . Opa1 has also been suggested to be released from mitochondria, which may lead to disruption of Opa1 oligomers [68] . Other proteins that regulate cristae morphology, such as Mitofilin which can form oligomers [136] and ATP synthase subunit e/g [137, 138] may also be involved in Opa1 control of cristae structure.
Recently, our study on the role of AIF in cell death provided another possible link on the relationship between the control of crisate morphology and cell death. Apart from the apoptotic role of AIF following its release and translocation to the nucleus [3, [139] [140] [141] [142] , AIF also has a physiological Fig. 4 During excitotoxicity, elongated mitochondria along the neurite and at the synapse can buffer Ca 2+ more effectively than fragmented mitochondria. Hence increase in nNOS activity is moderate and less ROS is produced role in mitochondria. AIF deficient cells emphasize the importance of AIF in maintaining mitochondrial function since these cells exhibit a loss of complex 1 stability and activity, and disruption of oxidative phosphorylation [143, 144] . In order to separate the function of the mitochondrial AIF from the nuclear functions of AIF during cell death, we constructed anchored AIF mutants which are anchored in the inner membrane of mitochondria and cannot be released during apoptosis. Since whole embryo AIF knockouts are embryonic lethal, we generated conditional forebrain deficient AIF mice to study the role of AIF in neurons. We first observed that AIF −/− neurons exhibited fragmented mitochondria with dilated mitochondrial cristae and defective mitochondrial respiration, which is similar to Opa1 knockdown cells [132, 145] . EM studies of neurons expressing the unreleasable form of AIF showed elongated mitochondria and tighter cristae tubules. Importantly, expression of the unreleasable form of AIF in neurons could delay cell death by slowing down the release of cytochrome c from the mitochondria. From these results we suggest that AIF may control the cristae structure, possibly through interactions with other proteins, to retain cytochrome C within cristae. This cristae structure is disrupted during cell death when AIF is released. Although the maintenance of AIF within the mitochondria delayed MOMP in the null background, the apoptotic role of AIF in the nucleus is, however, still a very important aspect of AIF function during cell death. In neurons that have the endogenous pool of AIF that can be translocated to the nucleus, the presence of mitochondrial anchored AIF does not delay cytochrome C release and inhibit cell death at longer time points, indicating that AIF is still an important factor in neuronal apoptosis following its release and translocation to the nucleus [142] . In conclusion, these results show that apart from Bax/Bak control of the release of apoptotic factors, mitochondrial itself can also control the release of cytochrome c by remodeling the cristae utilizing its own intermembrane space proteins such as Opa1 and AIF.
Conclusion
Recent studies have demonstrated that the mitochondrial fission and fusion machinery may play an important role in cell death. Mitochondrial fission is an early event during neuronal cell death, and by inhibiting the fission machinery, cell death is inhibited after various neurotoxic insults. It has also been shown that in non-neuronal cells the induction of fission is not always sufficient to induce cell death. Other factors such as the proapoptotic Bcl-2 family members must be activated to execute cell death, since fission occurs in physiological situations such as cell division without going into apoptosis. Other factors clearly remain to be discovered for the activation of mitochondrial fission machinery to drive cell death after different types of neuronal injuries. Fusion proteins may protect against neuronal cell death not only by their ability to inhibit mitochondrial fission, but also by their fission/fusion independent roles as signaling molecules for other pathways. By studying the interaction among mitochondrial fission/fusion machinery, Bcl-2 family proteins and metabolic proteins, we will gain insights as to how different types of neuronal cell death is regulated through diverse pathways that converge on mitochondria, which act as interpreters of multiple signals that ultimately determine the fate of the neuron after cell death induction. 
